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Both developing and adult organisms need effi-
cient strategies for wound repair. In adult mammals,
wounding triggers an inflammatory response that
can exacerbate tissue injury and lead to scarring. In
contrast, embryonic wounds heal quickly and with
minimal inflammation, but how this is achieved re-
mains incompletely understood. Using in vivo imag-
ing in the developing brain of Xenopus laevis, we
show that ATP release from damaged cells and
subsequent activation of purinergic receptors induce
long-range calcium waves in neural progenitor
cells. Cytoskeletal reorganization and activation
of the actomyosin contractile machinery in a Rho
kinase-dependent manner then lead to rapid and
pronounced apical-basal contractions of the neuroe-
pithelium. These contractions drive the expulsion
of damaged cells into the brain ventricle within sec-
onds. Successful cell expulsion prevents the death
of nearby cells and an exacerbation of the injury.
Cell expulsion through neuroepithelial contraction
represents a mechanism for rapid wound healing in
the developing brain.
INTRODUCTION
To ensure survival, living organisms need efficient mechanisms
for containing and repairing tissue injury (Sonnemann and Be-
ment, 2011). Wounds commonly result from mechanical trauma
but can also develop from a variety of pathological conditions
such as infection or toxin exposure (Crosby and Waters, 2010;
Singer and Clark, 1999). One of the early steps in wound healing
is the clearance of cellular debris and invading pathogens from
the wound site. In adult mammals, this is accomplished by
phagocytic cells that are recruited to the wound in the days
and weeks following the injury. While important for fighting infec-
tion, the resultant inflammatory reaction can exacerbate the pri-
mary wound, slow the healing process, and increase the deposi-
tion of nonfunctional fibrotic tissue commonly known as a scar
(Martin and Leibovich, 2005; Novo and Parola, 2008). In contrast,
embryonic wounds can heal muchmore quickly (McCluskey and
Martin, 1995; Whitby et al., 1991) and with absent or minimal
inflammation and scarring (Larson et al., 2010; Naik-Mathuria
et al., 2007). Calcium signaling has recently emerged as a central
player in wound closure (Clark et al., 2009; Soto et al., 2013) andDevelopmphagocyte recruitment (Razzell et al., 2013; Sieger et al., 2012) in
embryonic tissues, but precisely how the efficiency of embryonic
wound healing is achieved on molecular and cellular levels re-
mains a tantalizing question that holds the potential to generate
novel therapeutic approaches (Degen and Gourdie, 2012).
Not surprisingly, much research on wound healing in embryos
has focused on the repair of skin wounds as the skin is the organ
system most directly exposed to the external environment (Bie-
lefeld et al., 2013; Lo et al., 2012). However, internal organs are
also affected by noxious stimuli, and imperfect wound healing
in organs such as the heart or liver can have detrimental conse-
quences for an organism’s health and viability (Gurtner et al.,
2008). In particular, traumatic brain injury during development
can lead to a range of severe neurological disorders in later life
if wound healing mechanisms are overwhelmed (Baethmann
et al., 1996; Hayes et al., 2007; Leroy-Malherbe et al., 2006). In
spite of this, very little is known about the mechanisms that
contain and mend injury to the embryonic brain. Here, we
describe a mechanism that uses rapid neuroepithelial contrac-
tions to remove damaged cells from injured tissue and thereby
protects the developing brain from an exacerbation of the pri-
mary injury after wounding.RESULTS
Wounding Induces Calcium Waves, Tissue
Contractions, and Rapid Expulsion of Damaged Cells
from the Developing Brain
Given the role of calcium waves in mediating tissue responses to
wounding (Clark et al., 2009; Razzell et al., 2013; Sieger et al.,
2012; Soto et al., 2013), we established an in vivo experimental
setup in which we could simultaneously image calcium activity
and tissue dynamics following wounding in a neuroepithelium.
In the developing brain of Xenopus laevis, the optic tectum is a
major component of the midbrain (Figure 1A) and grows by addi-
tion of neurons from a posterior progenitor pool (La´za´r, 1973;
Straznicky and Gaze, 1972). As in other vertebrate systems
such as the ventricular zone of the cortex, tectal progenitor cells
are organized in a neuroepithelium that lines the ventricle (Fig-
ure 1B). Neural progenitors are characterized by their radial
morphology and processes that extend to both the pial and ven-
tricular surfaces (Figure 1C). The nuclei of neighboring progenitor
cells in different phases of their cell cycle are found at different
apical-basal positions, giving the neuroepithelium a pseudostra-
tified appearance (Sauer, 1935).
The optic tectum of stage 44–48 Xenopus laevis embryos
was loaded with the calcium indicator Oregon Green BAPTA-1
(OGB-1), and animals were imaged using in vivo multiphotonental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc. 599
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B C Figure 1. Cell Death after Wounding In-
duces Calcium Waves and Tissue Contrac-
tions in the Developing Brain, and Damaged
Cells Are Expelled into the Ventricle
(A) Head of a stage 48 Xenopus laevis. FB, fore-
brain; MB, midbrain; HB, hindbrain; and OT, optic
tectum. Scale bar represents 200 mm.
(B) The posterior-lateral region of the optic tectum
is comprised of a neuroepithelium. The dashed line
represents the border between neurons and neural
progenitors. NPs, neural progenitors; P, pia; and V,
ventricle. Scale bar represents 10 mm.
(C) Radial neural progenitors (asterisk) and a
migrating neuron (arrowhead) labeled by single-
cell electroporation. The panel is a composite of
three images of individual progenitors, as indi-
cated by the dotted lines. Scale bar represents
10 mm.
(D) The optic tectum was loaded with the calcium
indicator OGB-1, and an average of ten time
frames is shown for an overview of tissue archi-
tecture. The radial line indicates where epithelial
thickness wasmeasured, and the circle represents
the area where calcium fluorescence was
measured. Scale bar represents 10 mm.
(E–I) Time series of the optic tectum loaded with
OGB-1 and PI (E–I). A cell that dies following me-
chanical injury (arrow) is expelled into the ventricle
during neuroepithelial contraction. Solid white
lines represent tissue outline at t = 0 s, and dashed
white lines represent tissue outline at the specified
time.
(J) Quantification of calcium transient, tissue
contraction, and cell expulsion. The arrow in-
dicates the timing of cell death throughmechanical
injury. ET, epithelial thickness; and EA, expelled
area.
(K) Inducing cell death via a range of different
stimuli leads to coincident calcium waves, tissue
contractions, and cell expulsions. nR 4 animals in
each condition.
See also Figure S1 and Movie S1.
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precise mechanical insults to the neuroepithelium, and cells
dying as a result of wounding were visualized by their uptake
of the nucleic acid dye propidium iodide (PI), which is membrane
impermeant and therefore excluded from live cells. The majority
of mechanical insults (18/22) resulted in cell death events, where
one or more cells died as a result of wounding (3.2 ± 0.4 PI+ cells
per insult). All mechanical insults that resulted in cell death
events were associated with calcium waves (18/18), whereas
stimuli that did not lead to cell death were not (4/4), indicating
a strong correlation between these events (p < 0.01 in Fisher’s
exact test). Calcium waves were initiated immediately after
wounding (Figures 1E–1J; Movie S1 available online), and imag-
ing with high temporal resolution confirmed that they spread
from the site of injury to neighboring progenitor cells (Figures
S1A–S1N). They propagated at a speed of 9 ± 1 mm/s and
covered a distance of 172 ± 16 mm, with 54 ± 4 cells participating
in a calcium wave. Transients in individual cells reached their
peak amplitude 10 ± 1 s after onset and lasted for 91 ± 11 s
(n = 18 animals).
To our surprise, wound-induced calcium waves were consis-
tently accompanied by rapid contractions along the apical-basal
axis of the neuroepithelium (Figures 1E–1J; Movie S1). Tissue
contractions started 23 ± 2 s after the insult, were largest 30 ±
2 s after starting, and lasted for 158 ± 6 s (n = 18 animals).
They generated a 10% ± 1% reduction in epithelial thickness,
which we define as contraction amplitude. Therefore, neuroepi-
thelial contractions operate on a timescale of seconds, which is
comparable to smoothmuscle. Importantly, contractions in brain
explants in which all surrounding tissue had been removed were
indistinguishable from those in intact animals, generating the
same contraction amplitude (84%± 7%of contraction amplitude
in control animals, n = 23 animals, p = 0.442 in Mann-Whitney
U test). This confirmed that the contractions are a feature of
the developing brain.
We were intrigued to find that following wounding, PI+ dead
cells were often expelled from the tissue into the ventricle simul-
taneously with a neuroepithelial contraction (Figures 1E–1J;
Movie S1). Cell expulsions started 15 ± 2 s after the insult, and
the expelled area increased rapidly for 49 ± 8 s, after which
it increased more slowly or stabilized (n = 18 animals). We
observed two different types of cell expulsion: one type where
the entire cell body was removed from the tissue, and another
typewhere part of the cell body remained in the tissue (see below
for details). The fact that live cells were not expelled but rather
‘‘snapped back’’ into place after wounding indicated that expul-
sion was an active process acting selectively upon dead cells.
We then sought to define the developmental time window dur-
ing which neuroepithelial contractions and cell expulsions oper-
ate in the developing brain. We induced mechanical injury in the
neuroepithelium of embryos between stages 44 and 50, corre-
sponding to 2weeks and 4months of age (see Experimental Pro-
cedures for details) and found that neuroepithelial contractions
(Figure S1O) and cell expulsions (Figure S1P) were present
throughout the entire time period. This is consistent with previ-
ous findings that neural progenitors persist in the tectum until
at least stage 54 of development (Straznicky and Gaze, 1972).
To further explore the idea that calcium waves and tissue con-
tractions were induced by cells dying as a result of wounding,Developmrather than by the mechanical insult itself, we sought to induce
cell death by exposing the neuroepithelium to different noxious
stimuli (Figure 1K).
First, in order to generate small wounds in a manner that was
not temporally or spatially targeted, we used high-power laser
scanning of the neuroepithelium. This resulted in cell death
events that were distributed throughout the tissue (8.5 ± 1.9
cell death events per animal per 30 min with 1.5 ± 0.1 PI+ cells
per cell death event, n = 10 animals). Under these conditions
the calcium waves and tissue contractions were still spatially
and temporally highly correlated with cell death events (Figures
2A–2K; Movie S2). Importantly, tissue contractions and cell ex-
pulsions induced by high-power laser scanning occurred in the
absence of any physical perturbation to the tissue, confirming
that they are not a consequence of tissue disruption but are
active processes triggered by the ensuing cell death events.
These experiments also showed that tissue contractions and
cell expulsions can be triggered by the death of just one cell
(Figures 2B–2F).
In an additional set of experiments, we found that targeted
induction of cell death by a high-voltage electrical stimulus
(2.6 ± 0.3 PI+ cells per stimulus, n = 4 animals) resulted in calcium
waves, tissue contractions, and cell expulsions with kinetics that
were indistinguishable from those induced by mechanical insult
or high-power laser scanning (Figure S2; Movie S3).
When the tissue was exposed to low-power laser scanning as
during the delivery of mechanical or electrical stimuli, we did not
detect cell death events or cell expulsions, and the frequency
of calcium waves and tissue contractions was very low (Figures
2L–2O). Equally, we did not observe tissue contractions or cell
expulsions in animals imaged using bright-field illumination (n =
8 animals). Taken together, these data confirm that cell death
following wounding can trigger calcium waves, tissue contrac-
tions, and cell expulsions in the developing brain.
Nuclear Movement and Cell Shape Change Parallel
Tissue Dynamics during Neuroepithelial Contractions
To explore the tissue dynamics underlying apical-basal neuroe-
pithelial contractions in more detail, we used the cell-permeant
nuclear dye Hoechst 34580 to visualize cell nuclei in OGB-1-
loaded animals during high-power laser scanning. By tracing
the nuclei of individual neuroepithelial cells over time (Figure 3A),
we found that nuclei close to the origin of the calcium wave
moved radially toward the center of the tissue, ‘‘pulling’’ the ven-
tricular and pial surfaces toward one another (Figure 3B). Cell
nuclei located away from the center of the wave were displaced
laterally, presumably by forces generated by the central radial
contraction (Figure 3B). The distance between nuclei close to
the wave center rapidly decreased during the contraction before
increasing again, with dynamics very similar to those detected in
measurements of tissue thickness (Figures 3C). The reduction in
distance between nuclei during tissue contraction was similar to
contraction amplitude (Figure 3D).
We hypothesized that the pronounced radial contractions of
the neuroepithelium would also lead to changes in progenitor
cell geometry, in particular to a change in the ratio of radial-to-
tangential extent of a cell. To investigate this, we used the
cell membrane marker b-BODIPY FL C5-HPC (BODIPY FL)
to visualize cell membranes in the optic tectum of embryosental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc. 601
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Figure 2. Inducing Necrotic Cell Death via High-Power Laser Scanning Leads to Calcium Waves, Tissue Contractions, and Cell Expulsions
(A) The optic tectum was loaded with the calcium indicator OGB-1, and an average of ten time frames is shown for an overview of tissue architecture. The radial
line indicates where epithelial thickness was measured, and the circle represents the area where calcium fluorescence was measured. Scale bar represents
10 mm.
(legend continued on next page)
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Figure 3. Neuroepithelial Contractions Are
Associated with Relative Movement of Cell
Nuclei and Changes in Cell Shape
(A) The optic tectum was loaded with the calcium
indicator OGB-1, and the nuclei of tectal cells were
stained with Hoechst. Even though both calcium
and Hoechst fluorescence was recorded, only
Hoechst is shown for clarity. The centers of nuclei
labeled in blue were traced during tissue contrac-
tion. White solid lines represent tissue outline at
t = 0 s and magenta dashed lines at t = 60 s. The
white dotted line indicates an expelled cell. Scale
bar represents 10 mm.
(B) Themovement of individual nuclei between t =0 s
and t = 60 s is represented by blue arrows. The green
star shows the location of calcium wave onset.
(C) The blue traces show the distance between six
pairs of nuclei centered around the location of cal-
ciumwaveonset.Pairs of nucleiwere radially aligned,
with one close to the ventricular surface and one
close to the pial surface. The magenta trace shows
epithelial thickness measured at the location of cal-
cium wave onset. The arrow indicates the timing of
cell death through high-power laser scanning.
(D) The reduction in distance between nuclei during
tissue contractions is similar to contraction ampli-
tude. n = 44 cells in five animals.
(E) The optic tectum was loaded with the cell
membrane marker BODIPY FL and PI. Even though
both BODIPY FL and PI fluorescence was recorded,
only BODIPY FL is shown for clarity. The length and
width of colored cells, defined as their radial and
tangential extent, were measured during tissue
contraction. White solid lines represent tissue
outline at t = 0 s, and white dashed lines at t = 60 s.
The white punctate line indicates an expelled cell.
Scale bar represents 10 mm.
(F) The colored traces show the ratio of cell length
to width during a tissue contraction. The black trace
shows epithelial thickness measured at the location
of cell death. The arrow indicates the timing of cell
death through high-power laser scanning.
(G) The ratio of cell length to width is consistently
reduced during tissue contractions. **p < 0.01 in
Mann-Whitney U test. n = 56 cells in four animals.
All population data are represented as mean ± SEM.
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changes in cell geometry during neuroepithelial contractions
(Figure 3E). Consistent with a radial tissue contraction, we
observed a decrease and subsequent increase in the ratio of
radial-to-tangential cellular extent (Figures 3F and 3G). There-
fore, overall tissue contractions within the neuroepithelium are
closely paralleled at the cellular level.(B–F) Time series of the optic tectum loaded with OGB-1 and PI (B–F). High-power
calcium wave and tissue contraction. The dead cell is then expelled into the ventr
location of the cell death event, leading to a small calcium transient around 150 s.
waves. Solid white lines represent tissue outline at t = 0 s, and dashed white line
(G) Quantification of calcium transient, tissue contraction, and cell expulsion. Th
(H–K) Correlations of time of cell death with time of calciumwave onset (H) or time
wave onset (I) or location of tissue contraction onset (K). n = 6 animals in each c
(L–O) Quantification of cell death events (L), calcium waves (M), tissue contractio
animals in each condition. **p < 0.01 in Mann-Whitney U test.
All population data are represented as mean ± SEM. See also Figure S2 and Mo
DevelopmNecrosis, but Not Apoptosis, Triggers Rapid Cell
Expulsion
Wewere keen to establish the types of cell death that can trigger
rapid cell expulsion. Apoptosis is a form of programmed cell
death where cells undergo a well-defined sequence of biochem-
ical processes, including caspase activation, which ultimately
leads to a fragmentation of the cell into apoptotic bodies.laser scanning leads to the death of a tectal cell (arrow) that is associated with a
icle. There is an additional calcium wave that originates slightly posterior to the
Some individual cells also display calcium transients independently of calcium
s represent tissue outline at the specified time.
e arrow indicates the timing of cell death through high-power laser scanning.
of tissue contraction onset (J), and location of cell death with location of calcium
ondition. r, Pearson’s correlation coefficient.
ns (N), and cell expulsions (O) with low- or high-power laser scanning. n = 10
vies S2 and S3.
ental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc. 603
Developmental Cell
Neuroepithelial Contractions Expel Damaged CellsImportantly, membrane integrity is preserved until late stages of
apoptosis, thereby preventing the leakage of cellular contents
into the surrounding tissue. Conversely, necrotic cell death re-
sulting from wounding does not involve caspase activation and
leads to rapid loss of membrane integrity (Kroemer et al.,
2009). The fact that cells took up PI within seconds of mechan-
ical wounding or electrical stimulation (Figures 1E–1I and S2B–
S2F) confirmed that they died through necrosis rather than
apoptosis. On the other hand, PI uptake during laser-induced
wounding occurred at various times after the onset of high-po-
wer laser scanning (Figures 2H and 2J) and could therefore
represent the late phase of an apoptotic cell death program.
To investigate whether cell death during laser scanning is the
result of apoptosis or necrosis, we exposed control or OGB-1-
loaded animals to high-power laser light (Figures 4A–4D),
followed by staining for the apoptosis marker caspase-3. This
showed that expelled cells did not express caspase-3 (Figures
4E–4H), confirming they underwent necrotic cell death. The
expulsion of PI+ cells occurred at a comparable frequency in
control and OGB-1-loaded animals, which indicated that OGB-
1 does not mediate laser-induced cell death (Figures 4A–4D).
Wenext sought todeterminewhether apoptosis can inducecell
expulsions in a manner similar to necrosis. When animals were
reared in solution containing the protein synthesis inhibitor cyclo-
heximide (CHX) for 6 hr, we detected high numbers of caspase-3+
apoptotic cells, but close inspection of these fixed tissue samples
didnot reveal anycaspase-3+ cells that hadbeenexpelled into the
ventricle (Figure 4I). To further investigate whether apoptotic cell
death can trigger cell expulsions, we exposed animals to CHX
for different time intervals of up to 6 hr. A subset of animals was
fixedandstained for caspase-3 tomonitor inductionof apoptosis,
while another subset that had been loaded with OGB-1 was
repeatedly imaged at low laser power to detect calcium waves,
tissue contractions, and cell expulsions.While the number of cas-
pase-3+ cells in the neuroepithelium started to increase after 3 hr
andwasapproximately 40-fold higher thancontrol levels after 6 hr
of CHX exposure (Figure 4J), we did not detect any cell expulsion
events or associated calcium waves and tissue contractions in
either control or CHX-treated animals (Figure 4K). We conclude
that cell expulsion is amechanism that acts selectively onnecrotic
as opposed to apoptotic cells.
ATP Signaling Mediates Calcium Waves and Calcium-
Dependent Tissue Contractions after Wounding
Along with other cytosolic components, ATP is released in high
concentrations into the extracellular space following necrotic
cell death, and ATP can induce calcium waves in brain slices
and retinal explants (Liu et al., 2010; Pearson et al., 2005; Weiss-
man et al., 2004). To test whether ATP can trigger calciumwaves
and tissue contractions in the developing optic tectum, we
focally delivered control solution or solution containing ATP to
neuroepithelial cells in vivo. Whereas there was no tissue reac-
tion to control solution (Figures 5A–5F; Movie S4), ATP induced
calcium waves and tissue contractions with dynamics similar
to those following necrotic cell death (Figures 5G–5L; Movie
S4). In parallel experiments using bright-field illumination, ATP
induced tissue contractions with dynamics indistinguishable
from those in OGB-1-loaded brains during laser imaging (Fig-
ure S3; Movie S5).604 Developmental Cell 31, 599–613, December 8, 2014 ª2014 ElsevNext, we were keen to demonstrate that calcium waves after
wounding are mediated by ATP receptor activation and to
identify the types of ATP receptors that are involved. The ATP re-
ceptor family consists of ionotropic P2X and metabotropic P2Y
receptors, with multiple subtypes in each group (Abbracchio
et al., 2006; Khakh et al., 2001). Using an array of antagonists
with overlapping selectivities (see Experimental Procedures
for details of antagonist selectivities), the response profile we
obtained was consistent with an involvement of both P2X and
P2Y receptors in wound-induced calcium waves (Figure 5M).
We then sought to confirm the contribution of intracellular cal-
cium release downstream of ATP receptor activation. Calcium
wave activity was reduced in the presence of both thapsigargin,
which depletes intracellular calcium stores, and 2-aminoethoxy-
diphenyl borate, which inhibits 1,4,5-trisphosphate-mediated
calcium release (Figure 5N). Taken together, these results are
consistent with ATP release from the site of injury and subse-
quent activation of P2X and P2Y receptors. This leads to
calcium influx from the extracellular space and release from
intracellular stores, which both contribute to wound-induced
calcium waves.
Previous work has shown that ATP-mediated calcium waves
can propagate through gap junctions (Liu et al., 2010; Weissman
et al., 2004). We found that in the developing optic tectum, car-
benoxolone (CBX) and flufenamic acid (FFA), two gap junction
inhibitors, did not have an effect on calcium wave activity as cal-
cium wave amplitude (Figure 5O). However, we did detect a
strong correlation between the number of PI+ cells after wound-
ing and the size of calcium waves (Figure 5P). These results are
consistent with a model where diffusion of ATP from the site of
injury induces calcium waves.
An important question is what signaling mechanisms underlie
tissue contractions in the developing brain downstream of ATP
receptor activation. Calcium is a central regulator of cellular con-
tractile processes through its activation of actomyosin. To inves-
tigate whether increases in intracellular calcium are required for
tissue contractions, we focally delivered ATP to neuroepithelial
cells in the presence or absence of the calcium chelator BAPTA.
Calcium wave amplitude (43% ± 2% of control) and size (51% ±
5% of control), as well as tissue contraction amplitude (46% ±
2% of control) were all significantly reduced in BAPTA-treated
animals (Figures 5Q and 5R), thus revealing that tissue contrac-
tions are calcium dependent. Next, we sought to investigate
whether calcium waves are sufficient to recapitulate ATP-medi-
ated tissue contractions. Focal delivery of the calcium iono-
phores ionomycin and A23187 to the neuroepithelium induced
calcium transients in progenitor cells with dynamics very similar
to those induced by ATP, but they did not elicit tissue contrac-
tions (Figure 5S). These results indicate that calcium waves are
necessary, but not sufficient, for neuroepithelial contractions,
suggesting that ATP induces additional downstream effects
that are essential for tissue contractions.
RhoKinase and ActomyosinMediate Contractions in the
Developing Brain
Given that calcium alone was not sufficient to trigger tissue con-
tractions in the developing brain, we were keen to identify the
additional signaling events that lead to contractions downstream
of ATP receptor activation. Small GTPases of the Rho family areier Inc.
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Figure 4. Necrotic, but Not Apoptotic, Cell Death Triggers Cell Expulsion
(A–C) Live images of the optic tectum loaded with PI (A and B) or OGB-1 and PI (C). Arrows indicate expelled cells. Scale bar represents 10 mm.
(D) Quantification of cell expulsion. nR 16 animals in each condition. **p < 0.01 in Kruskal-Wallis test with Dunn’s posttest.
(E–G) The optic tectum fixed and stained for caspase-3 and cell nuclei (E–G). Arrows indicate expelled cells. Scale bar represents 10 mm.
(H) Quantification of caspase-3+ cells. nR 8 animals in each condition. No significant differences were detected in Kruskal-Wallis test with Dunn’s posttest.
(I) The optic tectum fixed and stained for caspase-3 and cell nuclei after 6 hr of CHX exposure. Scale bar represents 10 mm.
(J) Time course of caspase-3 activation in control and CHX-treated animals. nR 2 animals in each condition. *p < 0.05 and **p < 0.01 in Kruskal-Wallis test with
Dunn’s posttest.
(K) Expulsion events in control and CHX-treated animals. n = 5 animals in each condition.
All population data are represented as mean ± SEM.
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contractility, and P2Y receptors can activate Rho independently
of calcium (Sauzeau et al., 2000; Siehler, 2009). Rho kinase is aDevelopmmajor downstream effector of the small GTPase RhoA (Riento
and Ridley, 2003), and we used the Rho kinase inhibitor Y-
27632 to test whether Rho kinase is required for neuroepithelialental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc. 605
s01s01- s042s06s0
s01s01- s042s06s0
%
 d
F/
F
Time (min)
0 1 2 3 4 5
Control
ATP
Time (min)
0 1 2 3 4 5
%
 d
F/
F
OGB-1
ACSF
OGB-1
ATP
ET
 
(%
ET
0)
ET
 
(%
ET
0)
Control BAPTA Control BAPTA Control BAPTA
%
 c
on
tro
l
**
** **
Calcium wave
amplitude
Number of cells
in calcium wave
Contraction
amplitude
Time (min)
0 51 2 3 4
Time (min)
0 51 2 3 4
%
 d
F/
F
Ionomycin A23187
ET
 
(%
ET
0)
Mechanical
injury
Mechanical
injury
Suramin
Mechanical
injury
MRS2179
Mechanical
injury
PPADS
Mechanical
injury
iso-PPADS
Ca
lci
um
 w
av
e 
ac
tiv
ity
(%
 m
ec
ha
nic
al 
inj
ury
)
** **
**
*
**
Calcium wave amplitude
Number of cells in calcium wave
Time (min)
0 51 2 3 4
Time (min)
0 51 2 3 4
%
 d
F/
F
ATP
Control
ATP
BAPTA
ET
 
(%
ET
0)
Ca
lci
um
 w
av
e 
ac
tiv
ity
(%
 AT
P)
ATP ATP
Thapsigargin
ATP
2-APB
*
**
**
Calcium wave amplitude
Number of cells in calcium wave
Ca
lci
um
 w
av
e 
ac
tiv
ity
(%
 AT
P)
ATP ATP
CBX
ATP
FFA
Calcium wave amplitude
Number of cells in calcium wave
N
um
be
r o
f c
el
ls 
in
 c
al
ci
um
 w
av
e
Number of PI cells after mechanical injury
010
r = 0.608
2 4 6 8 12
L
M
SRQ
N
O P
A B C D E
G H I J K
F
(legend on next page)
Developmental Cell
Neuroepithelial Contractions Expel Damaged Cells
606 Developmental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc.
Developmental Cell
Neuroepithelial Contractions Expel Damaged Cellscontractions. Contraction amplitude was significantly reduced
(24% ± 2% of control), whereas calcium wave amplitude
(91% ± 10% of control) and size (102% ± 3% of control) were
unaffected in the presence of Y-27632 (Figures 6A and 6B).
Both calcium andRho kinase regulatemyosin phosphorylation
and therefore actomyosin contractility. To assess the role of
myosin in neuroepithelial contractions, we used the non-muscle
myosin II ATPase inhibitor blebbistatin (Straight et al., 2003)
and found that contraction amplitude was significantly reduced
(30% ± 5% of control), whereas calcium wave amplitude
(104%± 8%of control) and size (84%± 13%of control) were un-
affected (Figures 6C and 6D). These results strongly support a
role for cytoskeletal reorganization and actomyosin contraction
in neuroepithelial contractions. To directly monitor cytoskeletal
dynamics during wound-induced contractions, we expressed a
GFP-tagged version of the calponin homology domain of utro-
phin (GFP-UtrCH) in the optic tectum, which acts as an F-actin
reporter (Burkel et al., 2007). Interestingly, we observed a redis-
tribution of actin from the apical toward the basolateral region at
the site of cell expulsion (Figures 6E–6R; Movie S6). Importantly,
this redistribution also occurred at a distance of at least 50 mm
along the ventricular wall on either side of the injury, showing
that it was not restricted to the immediate neighborhood of the
wound (Figure 6S). The range of at least 100 mm over which
this relocalization occurs is therefore similar to the size of a cal-
cium wave (see above). Actin relocalization preceded the onset
of tissue contractions by 40 ± 6 s (n = 4 animals). Taken together,
these results establish that calcium and Rho kinase generate tis-
sue contractions through cytoskeletal reorganization and acto-
myosin contraction downstream of ATP receptor activation.
Tissue Contractions Drive Cell Expulsions from the
Neuroepithelium
Our data so far support a model where necrotic cell death after
wounding triggers neuroepithelial contractions, which then re-
move the damaged cells from the tissue. To determine whether
tissue contractions in fact drive necrotic cell expulsions, we
investigated the effect of inhibiting contractions on the relative
frequencies of the two types of cell expulsions that we observed
in the developing brain. These were ‘‘complete’’ cell expulsions,Figure 5. ATP Signaling Mediates Calcium Waves and Tissue Contrac
(A–E andG–K) The optic tectumwas loadedwith OGB-1, and a puff of ACSF (A–E)
line indicates where epithelial thickness wasmeasured, and the circle represents t
tissue outline at t = 0 s, and dashed white lines represent tissue outline at the sp
(F and L) Quantification of calcium transient and tissue contraction after delivery
Arrows indicate the timing of puffs.
(M) Quantification of calciumwave activity after mechanical injury in the presence
and **p < 0.01 in Kruskal-Wallis test with Dunn’s posttest.
(N) Quantification of calcium wave activity after ATP puffs in the presence of diffe
*p < 0.05 and **p < 0.01 in Kruskal-Wallis test with Dunn’s posttest.
(O) Quantification of calcium wave activity after ATP puffs in the presence of dif
differences were detected in Kruskal-Wallis test with Dunn’s posttest.
(P) Correlation of injury size with calcium wave size. n = 18 animals.
(Q) Calcium transients and tissue contractions in response to ATP in a control anim
timing of puffs.
(R) Calciumwave amplitude, number of cells in a calciumwave, and tissue contrac
condition. **p < 0.01 in Mann-Whitney U test.
(S) Calcium transients and tissue contractions in response to focal application o
of puffs.
All population data are represented as mean ± SEM. See also Figure S3 and Mo
Developmwhere the entire cell was removed from the tissue, and ‘‘incom-
plete’’ cell expulsions, where part of the cell body remained in the
tissue (Figure 7A). Consistent with amodel where the contraction
pushes cells out of the tissue, the distance of the cell body from
the ventricle prior to expulsion was related to the type of cell
expulsion. In particular, the cell body of completely expelled cells
was located closer to the ventricular wall (10 ± 1 mm, n = 6 ani-
mals) than that of incompletely expelled cells (18 ± 2 mm, n = 6
animals).
Importantly, we found that necrotic cells were significantly less
likely to be completely expelled from the brain when the ampli-
tude of tissue contractionswas reducedwith Y-27632 (Figure 7B)
or blebbistatin (Figure 7C). Furthermore, both the speed of
expulsion and the size of expelled cells correlated closely with
contraction amplitude (Figures 7D and 7G). Both were signifi-
cantly reduced (speed, 26% ± 6% of control and size, 41% ±
6% of control) in the presence of Y-27632 (Figures 7E and 7H).
Likewise, there was a significant reduction in both speed and
size (speed, 56% ± 7% of control and size, 66% ± 6% of control)
in blebbistatin-treated compared to control embryos (Figures 7F
and 7I). These findings demonstrate that tissue contractions
drive the expulsion of necrotic cells from the neuroepithelium.
Cell Expulsion Prevents Secondary Cell Death in the
Tissue Surrounding the Wound
The release of potentially toxic intracellular substances from
necrotic cells after wounding can lead to damage in neighboring
cells and exacerbate tissue injury. Consistent with this, PI+ cells
in the optic tectum occurred in localized clusters (Figure 8A) as
confirmed by analysis of nearest neighbor distances (Figure 8B)
using a bootstrap protocol (p < 0.01, n = 13 animals). We
reasoned that contraction-mediated cell expulsion might be a
protective mechanism to prevent the spread of tissue damage
after wounding. Consistent with this, we observed few cell death
events in regions of the tectum without primary necrosis (Figures
8C–8F and 8S) or regions with completely expelled necrotic cells
(Figures 8G–8J and 8S). In contrast, secondary cell death
frequently occurred in regions with incompletely expelled cells
(Figures 8K–8R and 8S). In some cases, secondary cell death af-
ter incomplete expulsion of a primary necrotic cell could lead totions after Wounding
or ATP in ACSF (G–K) was delivered onto the ventricular wall at t = 0 s. The radial
he area where calcium fluorescence wasmeasured. Solid white lines represent
ecified time. Scale bar represents 10 mm.
of a control puff (F) in (A) to (E) and after delivery of an ATP puff (L) in (G) to (K).
of different ATP receptor antagonists. nR 6 animals in each condition. *p < 0.05
rent inhibitors of intracellular calcium release. nR 6 animals in each condition.
ferent gap junction inhibitors. n R 6 animals in each condition. No significant
al and an animal treated with the calcium chelator BAPTA. Arrows indicate the
tion amplitude are all reduced in BAPTA-treated animals. nR 4 animals in each
f the calcium ionophores ionomycin and A23187. Arrows indicate the timing
vies S4 and S5.
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extent of the neuroepithelium (Figures 8O–8R). Successive cell
death events around an incompletely expelled cell could trigger
further calcium waves and tissue contractions, but contraction
amplitude declined as necrotic cells accumulated, presumably
reflecting a decline in overall tissue integrity (Figure 8T).
Next, we were interested to see whether incompletely
expelled cells with accumulated secondary necrotic cells would
remain in the tissue or eventually be removed. Using long-term
imaging, we found that 100%, 88%, 66%, 41%, 31%, and
18% of necrotic cell clusters remained in the tissue at 0, 2, 4,
8, 24, and 48 hr after injury (n = 8 animals), consistent with pre-
vious reports of slow removal of necrotic cells through passive
movement or phagocytic uptake (Andrade and Rosenblatt,
2011; Sieger et al., 2012). These findings demonstrate that
necrotic cells can impair tissue integrity for at least 2 days
when they are not immediately removed from the tissue.
To further test a potential tissue-protective role of contraction-
mediated cell expulsions, we quantified the spread of tissue
damage in animals treated with Y-27632 or blebbistatin, where
the proportion of completely expelled cells is significantly
reduced (Figures 7B and 7C). Importantly, we found an increase
in the rate of secondary necrosis both in the presence of Y-27632
(Figure 8U) and blebbistatin (Figure 8V). This was not due to an
effect of either drug on cell viability as we observed no cell death
events under low-power imaging (nR 4 animals). Thus, contrac-
tion-mediated cell expulsion acts to prevent the spread of tissue
damage and is beneficial to wound healing through its rapid
restoration of tissue integrity.
DISCUSSION
In the present study, we have identified a tissue-protective
mechanism that acts after traumatic injury in the developing
brain and is underpinned by two key observations. First, ATP
release from necrotic cells after wounding triggers calciumFigure 6. Tissue Contractions in the Developing Neuroepithelium A
Reorganization of the Actin Cytoskeleton
(A) Calcium transients and tissue contractions in response to ATP in a control anim
the timing of puffs.
(B) Contraction amplitude, but not calcium wave amplitude or number of cells in
condition. **p < 0.01 in Mann-Whitney U test.
(C) Calcium transients and tissue contractions in a control animal and an anima
indicate the timing of cell death through high-power laser scanning.
(D) Contraction amplitude, but not calcium wave amplitude or number of cells in
each condition. **p < 0.01 in Mann-Whitney U test.
(E) The F-actin reporter GFP-UtrCH was expressed in the optic tectum, and an av
bar represents 10 mm.
(F–P) Time series of the area of the optic tectum indicated in (E) expressing GFP-
was measured at the expulsion site. High-power laser scanning induces a ce
contraction. Solid white lines represent tissue outline at t = 0 s, and dashed white
(Q) Quantification of GFP-UtrCH fluorescence and tissue contraction. Preceding t
region of the neuroepithelium. The blue and orange traces showGFP-UtrCH fluore
measured at the location of cell death. Arrow indicates timing of cell death throu
(R) Relocalization of GFP-UtrCH fluorescence from the apical toward the basolate
0 and 2 mm from the ventricular surface, and region 2 spans the area between
measured in a box with a lateral extent of 20 mm centered on the location of cell
(S) Relocalization of GFP-UtrCH fluorescence also occurs at a distance of 50 mm
boxes, each with a lateral extent of 20 mm. These were centered on positions at a
death. n = 4 animals. **p < 0.01 in Wilcoxon signed rank test.
All population data are represented as mean ± SEM. See also Movie S6.
Developmwaves, which together with Rho kinase induce cytoskeletal
reorganization and actomyosin activation and thereby generate
pronounced apical-basal contractions of the neuroepithelium.
Second, these contractions drive the rapid and selective expul-
sion of necrotic cells from the tissue, which prevents the subse-
quent death of neighboring cells.
Surprisingly, neuroepithelial contractions occur on a timescale
of seconds, which is comparable to contractions in smoothmus-
cle. Embryonic epithelia can undergo actomyosin-dependent
apical-basal contractions during developmental processes
such as fruit fly morphogenetic furrow formation (Corrigall
et al., 2007) and endoderm invagination in ascidians (Sherrard
et al., 2010), but these processes occur on a timescale of
hours, rather than seconds. Meanwhile, studies in gastrulating
embryos have shown that epithelial sheets can exhibit contrac-
tile behavior on a timescale of seconds as part of normal
morphogenetic processes such as convergent extension (Wall-
ingford et al., 2001). This raises the interesting possibility that
an actomyosin-dependent contractile mechanism used in early
morphogenesis may be reused later in development as part of
the wound healing process. The fact that tissue contractions
persist until at least 4 months of age indicates that this or similar
mechanisms can also operate inmoremature tissues, potentially
even in adulthood.
Our observations of actomyosin-mediated cell expulsions af-
ter tissue injury extend the role of actomyosin activation in em-
bryonic wound healing. Previous work has shown that one of
the earliest events in the healing of embryonic skin wounds is
the assembly of a multicellular actomyosin ‘‘purse string’’ at
the wound edge (Bement et al., 1993; Martin and Lewis, 1992;
McCluskey andMartin, 1995). Similar contractile actomyosin ca-
bles also act to close single-cell wounds (Bement et al., 1999)
and to extrude apoptotic cells from epithelial monolayers (An-
drade and Rosenblatt, 2011; Gu et al., 2011; Rosenblatt et al.,
2001). The assembly of the actomyosin purse string after skin
wounding is regulated by Rho GTPases (Benink and Bement,re Mediated by Rho Kinase and Actomyosin and Preceded by a
al and an animal treated with the Rho kinase inhibitor Y-27632. Arrows indicate
a calcium wave, is reduced in Y-27632-treated animals. nR 6 animals in each
l treated with the non-muscle myosin II ATPase inhibitor blebbistatin. Arrows
a calcium wave, is reduced in blebbistatin-treated animals. nR 23 animals in
erage of ten time frames is shown for an overview of tissue architecture. Scale
UtrCH and injected with PI (F–P). The boxes in (F) indicate where fluorescence
ll death event (arrow), reorganization of the actin cytoskeleton, and tissue
lines represent tissue outline at the specified time. Scale bar represents 10 mm.
he tissue contraction, F-actin relocalizes from the apical toward the basolateral
scence in the boxes indicated in (F). The black trace shows epithelial thickness
gh high-power laser scanning.
ral region occurs at the site of cell expulsion. Region 1 spans the area between
2 and 10 mm from the ventricular surface. In both regions, fluorescence was
death. n = 4 animals. *p < 0.05 in Wilcoxon signed rank test.
from the cell expulsion. Fluorescence in regions 1 and 2 was measured in two
distance of 50 mm along the ventricular wall on either side of the location of cell
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Figure 7. Tissue Contractions Are Required
for Successful Cell Expulsions from the
Neuroepithelium after Wounding
(A) Complete cell expulsion, where the entire cell
body of one cell is removed from the tissue (upper
panel), and incomplete cell expulsion, where part of
the cell body remains in the tissue (lower panel).
Scale bar represents 10 mm.
(B and C) Blocking tissue contractions with Y-27632
(B) or blebbistatin (C) reduces the proportion of
complete cell expulsions. CE, complete expulsion.
IE, incomplete expulsion. nR 8 animals (B) and nR
23 animals (C) in each condition.*p < 0.05 in Fisher’s
exact test.
(D and G) Correlation of contraction amplitude with
expulsion speed (D) and size (G). n = 23 animals.
(E and H) Expulsion speed (E) and size (H) are
reduced in the presence of Y-27632. nR 8 animals
in each condition. **p < 0.01 in Student’s t test.
(F and I) Expulsion speed (F) and size (I) are reduced
in the presence of blebbistatin. n R 23 animals in
each condition. **p < 0.01 in Student’s t test.
All population data are represented as mean ± SEM.
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signaling events immediately after wounding suggests that tran-
scription-independent events such as tension changes around
the wound or intercellular signaling through material released
from the injured cells could mediate an elevation in intracellular
calcium and cytoskeletal remodeling (Clark et al., 2009; Cordeiro
and Jacinto, 2013; Joshi et al., 2010). Our results show that ATP
release from necrotic cells can trigger calcium waves and that
reorganization of the actin cytoskeleton precedes neuroepithe-
lial contractions. This reorganization involves a flow of actin
from the apical to the basolateral domain of neuroepithelial cells.
Consistent with this, pulsed flow of actomyosin away from apical
junctions is required for cellular contraction in fruit fly gastrulation
(Martin et al., 2009) and germband extension (Rauzi et al., 2010).
Conversely, we did not find evidence for the formation of con-
tractile actomyosin cables around necrotic cells during expul-
sion. This is consistent with previous reports that apoptotic cells,
but not necrotic cells, assemble actomyosin rings (Andrade and
Rosenblatt, 2011).
Wound-induced calcium waves act to recruit phagocytes to
the site of injury in the developing brain (Sieger et al., 2012),
and calcium waves can increase proliferation of neural progeni-
tor cells (Weissman et al., 2004), which could compensate for
cell loss resulting from traumatic injury. ATP-mediated calcium
waves therefore emerge as central players in coordinating the
response of the developing brain to wounding.610 Developmental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc.Despite its clinical significance (Baeth-
mann et al., 1996; Hayes et al., 2007; Le-
roy-Malherbe et al., 2006), the process of
wound healing in the developing brain is
only beginning to be understood. Scarless
wound healing occurs in the retina (Halfter,
1993) and midbrain (Lawson and England,
1992, 1996) of the early chick embryo, but
how this is accomplished on molecular
and cellular levels has remained elusive.Immediately after wounding, cells that die as a result of the injury
losemembrane integrity, and the cytosolic contents are released
into the local tissue environment. Some cellular components
such as degradative enzymes and reactive oxygen species
can cause damage to the surrounding tissue and thereby directly
aggravate the primary injury. In addition, the release of intracel-
lular components initiates an inflammatory response and serves
to recruit phagocytes to the wound site, which take up cellular
debris and contain invading pathogens. While initially beneficial,
excessive inflammation can slow the healing process and further
exacerbate the primary wound (Martin and Leibovich, 2005;
Novo and Parola, 2008). The tissue-protective mechanism that
we have described achieves removal of necrotic cells from the
tissue within seconds of wounding. This is several orders of
magnitude faster than previously reported mechanisms such
as phagocytic uptake of necrotic cells (Krysko et al., 2006). By
virtue of its speed, rapid cell expulsion prevents the spread of
secondary cell death and therefore represents a tissue-level
mechanism that is well placed to mediate fast wound healing
with minimal inflammation and scarring in the developing brain.EXPERIMENTAL PROCEDURES
Animals
Wild-type Xenopus laevis tadpoles were reared on a 14 hr light/10 hr dark cycle
at 15–21C in modified Barth’s saline ([MBS], 87.6 mM NaCl, 1 mM KCl,
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Figure 8. The Rapid Expulsion of Necrotic Cells Reduces Secondary
Cell Death after Wounding in the Developing Brain
(A) Clusters of PI+ cells in the optic tectum. Individual PI+ cell are labeled by an
asterisk. Scale bar represents 10 mm.
(B) The mean nearest neighbor distance between PI+ cells in (A), as indicated
by the dashed line, is shorter than predicted by chance using a bootstrap
protocol (gray histogram).
(C–F) An area of the optic tectum loaded with OGB-1 and PI (C–F) without
primary necrotic cells. Scale bar represents 10 mm.
(G–J) An area of the optic tectum loaded with OGB-1 and PI (G–J) with a
completely expelled necrotic cell. No further cell death events were observed.
(K–N) An area of the optic tectum with an incompletely expelled cell. A cell
neighboring the primary necrotic cell also undergoes cell death (asterisk).
(O–R) An area of the optic tectum loaded with OGB-1 and PI (O–R) with two
incompletely expelled cells. Ten neighboring cells also die (asterisk).
(S) The number of necrotic cells within two cell diameters of a completely
expelled cell is the same as at randomly chosen locations without primary
necrosis, but is increased near incompletely expelled cells. n = 10 animals in
each condition. **p < 0.01 in Kruskal-Wallis test with Dunn’s posttest.
(T) The amplitude of contractions triggered by successive cell death events
decreases in locations with severe secondary cell death. Measurements were
taken from an animal with mild (K–N) and severe (O–R) secondary cell death.
(U and V) The rate of secondary necrosis is increased when cell expulsions are
blocked with Y-27632 (U) or blebbistatin (V). n R 8 animals (U) and n R 23
animals (V) in each condition. *p < 0.05 and **p < 0.01 in Mann-Whitney U test.
All population data are represented as mean ± SEM.
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Developm2.3 mM NaHCO3, 14.9 mM HEPES, 0.3 mM CaNO3, 0.8 mM MgSO4, 0.6 mM
CaCl2, 10 U/ml penicillin, and 10 mg/ml streptomycin [pH 7.6]). Reagents were
supplied by Sigma unless otherwise stated. To inhibit melanogenesis, the rear-
ing solution also contained 100 mM N-phenylthiourea. Tadpoles were staged
according to established morphological criteria (Nieuwkoop and Faber,
1994), and experiments were conducted between stages 44 and 50. Prior to
imaging, animals were anesthetized by immersion in MBS containing 0.01%
ethyl 3-aminobenzoate methanesulfonate (MS-222). For imaging brain ex-
plants, tadpoles were euthanized in 2% MS-222 immediately before removal
of the brain, and the explants were imaged in artificial cerebrospinal fluid
([ACSF], 115 mM NaCl, 2 mM KCl, 5 mM HEPES, 0.01 mM glycine, 10 mM
D-glucose, 3 mM CaCl2, and 1.5 mM MgCl2 [pH 7.2]). All animal procedures
were conducted in accordance with UK Home Office regulations.
Progenitor Cell Labeling
To visualize the morphology of individual progenitor cells and their progeny,
we used single-cell electroporation of fluorescent dextran. See Supplemental
Experimental Procedures for details.
In Vivo Live-Cell Imaging
Live imaging of calcium in the optic tectum was carried out using OGB-1
(Invitrogen). See Supplemental Experimental Procedures for details.
For visualization of necrotic cell death, cell nuclei, or cell membranes,
100 mg/ml PI (Invitrogen), 1 mg/ml Hoechst 34580 (Invitrogen), or 100 mg/ml
BODIPY FL (Invitrogen) in calcium-free Ringer’s solution with 0.03% Fast
Green was injected into the tectal ventricle. For quantification of necrotic cell
death after mechanical injury (see below for details), z stacks with 5 mm inter-
vals between optical planes and spanning the entire depth of the optic tectum
were taken after wounding, and the number of PI+ cells was countedmanually.
Imaging was conducted on a custom-built multiphoton microscope
equipped with a MaiTai-HP Ti:Sapphire femtosecond pulsed laser (Newport
Spectra-Physics), a 340 0.8 numerical aperture (NA) LUMPlanFl/IR objective
(Olympus), and Fluoview FV300 image acquisition software (Olympus). The
laser was operated at 910 nm, and images from individual animals were ac-
quired at 1, 2, or 5 s intervals for up to 30 min. Laser power at the sample
was 5–8 mW during imaging except when laser scanning was used to induce
wounding (see below for details).
Bright-field imaging was conducted on an Olympus BX51WI upright micro-
scope equipped with a340 0.8 NA LUMPlanFl/IR objective (Olympus), a DMK
41BU02 charge-coupled device camera (The Imaging Source), and IC Captureental Cell 31, 599–613, December 8, 2014 ª2014 Elsevier Inc. 611
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Neuroepithelial Contractions Expel Damaged Cellsimage acquisition software (The Imaging Source). Images from individual
animals were acquired at 5 s intervals for up to 30 min.
In Vitro Transcription and Microinjection of mRNA
For visualization of F-actin dynamics, we obtained a plasmid encoding the
F-actin reporter GFP-UtrCH in pCS2+ (Addgene plasmid 26737) from which
mRNA was transcribed in vitro using the mMessage mMachine SP6 kit
(Ambion). A total amount of 1 ng of mRNA was injected into one-cell-stage
embryos, and mRNA expression in the optic tectum was assessed at the
desired developmental stage.
Induction of Cell Necrosis
To induce targeted cell death by mechanical injury, a fine glass micropipette
was positioned 10 mm from the ventricular wall, rapidly moved 30 mm in the
direction of the ventricular wall, and then returned to its original position. To
induce targeted cell death by electrical stimulation, our single-cell electropora-
tion protocol was modified to deliver focal high-voltage pulses (amplitude
of 20 V) to progenitor cells lining the wall of the ventricle. To induce cell death
in a manner that was not temporally or spatially targeted, we used high-
power laser scanning in which the multiphoton laser was set to achieve 25–
40 mW at the sample and was scanned repeatedly across the entire field of
view. This resulted in cell death events that could be initiated anywhere within
the tissue.
Drug Treatments
Pharmacological agents for manipulation of signaling pathways in the optic
tectumwere injected into the tectal neuropil or the brain ventricle. See Supple-
mental Experimental Procedures for details.
Immunohistochemistry
We used rabbit anti-caspase-3 antibody (BD Pharmingen) to detect apoptotic
cells in the optic tectum. See Supplemental Experimental Procedures for
details.
Image Processing and Analysis
Fluorescence and bright-field images were acquired as uncompressed bit-
maps in BMP or TIFF format, and figures were assembled in Adobe Illustrator
CS6. Quantitative analysis of calcium signaling, tissue contractions, move-
ments of cell nuclei, changes in cell geometry, cell expulsions, and actin
dynamics was carried out in ImageJ (http://rsbweb.nih.gov/ij) and MATLAB
(MathWorks). See Supplemental Experimental Procedures for details.
Statistical Methods
All population data are presented asmean ± SEM. Statistical analysis was per-
formed using Prism (GraphPad). Briefly, data sets were assessed for normality,
and appropriate statistical tests were carried out as stated in the figure
legends. For analysis of spatial distribution of PI+ cells (Figure 8B), we used
a bootstrap analysis in MATLAB. See Supplemental Experimental Procedures
for details.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
three figures, and six movies and can be found with this article online at
http://dx.doi.org/10.1016/j.devcel.2014.10.012.
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